Abstract: Water resource management is critical for the economic development of the Democratic People's Republic of Korea (DPRK), where runoff plays a central role. However, long and continuous runoff data at required spatial and temporal scales are generally not available in many regions in DPRK, the same as in many countries around the world. A common practice to fill the gaps is to use some kind of interpolation or data-infilling methods. In this study, the gaps in annual runoff data were filled using a distributed runoff map. A novel statistical-distributed model of average annual runoff was derived from 50 years' observation on 200 meteorological observation stations in DPRK, considering the influence of climatic factors. Using principal component analysis, correlation analysis and residual error analysis, average annual precipitation, average annual precipitation intensity, average annual air temperature, and hot seasonal air temperature were selected as major factors affecting average annual runoff formation. Based on the water balance equation and assumptions, the empirical relationship for runoff depth and impact factors was established and calibrated. The proposed empirical model was successfully verified by 93 gauged stations. The cartography of the average annual runoff map was automatically implemented in ArcGIS. A case study on the Tumen River Basin illustrated the applicability of the proposed model. This model has been widely used for the development and management of water resources by water-related institutes and design agencies in DPRK. The limitation of the proposed model and future works are also discussed, especially the impacts of climate changes and topology changes and the combination with the physical process of runoff formation.
Introduction
Research regarding water resources estimation at regional and continental level contributes a lot in establishing water resources management policy [1] [2] [3] , and water resources assessment is the first step for water resources development. Runoff plays a central role in water resources assessment. Generally, water resources are evaluated by means of average annual runoff [4, 5] , the mathematical expectation of multiyear observations of annual runoff, and can be described as runoff depth [4, [6] [7] [8] [9] [10] [11] [12] . 
Watershed Water Balance Relationship
Annual runoff is computed using the classical water balance Equation [43] :
where Y is the annual runoff depth (mm); P is the annual amount of precipitation (mm); E is the annual amount of evaporation (mm); and ΔS is the change in water storage. The change in basin water storage can be ignored, i.e., equal to zero, when considering multiyear average (see Equation (2) ): DPR Korea has a temperate monsoon climate, four distinct seasons, average annual temperature varies from 8 °C to 12 °C, and average annual precipitation varies from 1000 to 1200 mm. Most of the precipitation falls in July-August (see Figures 1 and 2 ). Average annual monthly temperature and precipitation characteristics are shown in Table 1 . 
where Y is the annual runoff depth (mm); P is the annual amount of precipitation (mm); E is the annual amount of evaporation (mm); and ΔS is the change in water storage. The change in basin water storage can be ignored, i.e., equal to zero, when considering multiyear average (see Equation (2) ): 
where Y is the annual runoff depth (mm); P is the annual amount of precipitation (mm); E is the annual amount of evaporation (mm); and ∆S is the change in water storage. The change in basin water storage can be ignored, i.e., equal to zero, when considering multiyear average (see Equation (2)):
Equation (2) can also be denoted by annual runoff coefficient ϕ= Y/P and annual evaporation
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E can be computed indirectly by hydrometeorological observations using the values of P and Y. Calculating the values of E is challenging due to the influences from climatic factors, geographical factors, etc. [44] . Since soil type affects water exchanges with the atmosphere, Reder et al. evaluated the sensitivity of the annual average of runoff, precipitation, evaporation, and deep drainage to different soil types in China and argued the importance of clarifying the role of "geomorphological factors" [30] . Li et al. found that the effect of climate change on evapotranspiration was much more significant than the effect of land use and land cover changes in China [44] .
Usually, the average annual runoff model is formulated by establishing a relationship between the parameters and elucidating the influence of factors affecting evaporation E or evaporation coefficient η E .
In DPR Korea, the correlation coefficient between rainfall and runoff varies from 0.90 to 0.98, which makes the surface water consistent throughout the year. There are regional differences among river runoff, but 60% to 80% runoff flows occur in the summer.
Factors Affecting the Annual Runoff Formation by PCA
Time series of the main factors affecting runoff formation can be obtained using the principal component analysis method. The basic data matrix can be configured as follows:
where y is annual runoff; p is the size of observational series; and n is the number of observation stations. Then, the measured values can be represented as follows:
Or:
where T k (t) is the coefficient related to the time; X k (x) is the function characterizing the distribution field; and m is the number of factors affecting average annual runoff formation, k = 1,2, . . . ,g, . . . ,m. Standardizing basis data and evolving obtains an n × n correlation matrix. It should satisfy a relationship of m ≤ n. In this case, the principal component analysis model can be obtained as follows:
where R is correlation matrix and I is a unit matrix. The characteristic equation is:
Time coefficient matrix is:
where z = 1, 2, . . . , m. The contribution rate is: 
Eigenvalue λ k (k = 1 ∼ m), eigenvector matrix X(m × n), and the time coefficient matrix can be computed using Equations (7)- (9) consecutively. We computed all the main components using the correlation coefficient between the time coefficient matrix and the factor variables.
The meteorological and hydrological observatory is in the countryside in DPR Korea (see Figures 3-5 for the spatial distribution of average annual precipitation and average annual temperature evaluated over the 1961-2010 period, respectively, by interpolation). where = 1, 2,..., z m. The contribution rate is:
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, and the time coefficient matrix can be computed using Equations (7)- (9) consecutively. We computed all the main components using the correlation coefficient between the time coefficient matrix and the factor variables. The meteorological and hydrological observatory is in the countryside in DPR Korea (see Figures  3-5 for the spatial distribution of average annual precipitation and average annual temperature evaluated over the 1961-2010 period, respectively, by interpolation). Table 2 shows the contribution rate and the cumulative contribution rate for the components of factors affecting runoff, calculated using the hydrological observation station data in DPR Korea. The principal component analysis mainly highlights the first four factors. It is obvious that runoff depth in the mentioned regions in Table 2 can be computed using two factors, but for other river basins, at least four factors should be used. Next, the correlation coefficients between time coefficient s and major factors were computed. Table 2 shows the contribution rate and the cumulative contribution rate for the components of factors affecting runoff, calculated using the hydrological observation station data in DPR Korea. The principal component analysis mainly highlights the first four factors. It is obvious that runoff depth in the mentioned regions in Table 2 can be computed using two factors, but for other river basins, at least four factors should be used. Next, the correlation coefficients between time coefficient s and major factors were computed. Precipitation is obviously the major factor affecting runoff formation. The relationship between precipitation and time coefficient for the first component is computed. Variation in annual precipitation P is considered to be the first factor, and the time coefficient 1 T of the first principal component in the Taedong River Basin is shown in Figures 6 and 7 . It is obvious from Figure 6 that the Taedong River Basin has a high correlation of 0.94 between ( ) P t and 1 ( ) T t , while for other river basins, it is 0.78 or more. It is clear from Table 2 that in the whole area of DPR Korea, the first and second component contribute 68.5% and 7% to the river basin, respectively. It is difficult to identify and directly calculate the second, third, and fourth component. Therefore, they are computed using correlation and regression analysis.
In correlation analysis, the water balance equation is as follows: 
The Primary Factor: Average Annual Precipitation
Precipitation is obviously the major factor affecting runoff formation. The relationship between precipitation and time coefficient for the first component is computed. Variation in annual precipitation P is considered to be the first factor, and the time coefficient T 1 of the first principal component in the Taedong River Basin is shown in Figures 6 and 7. It is obvious from Figure 6 that the Taedong River Basin has a high correlation of 0.94 between P(t) and T 1 (t), while for other river basins, it is 0.78 or more.
It is clear from Table 2 that in the whole area of DPR Korea, the first and second component contribute 68.5% and 7% to the river basin, respectively. It is difficult to identify and directly calculate the second, third, and fourth component. Therefore, they are computed using correlation and regression analysis.
In correlation analysis, the water balance equation is as follows:
where h is the runoff depth of surface water; z is loss of precipitation; u is underground runoff depth; and H is whole runoff depth, including surface water and underground water.
where h is the runoff depth of surface water; z is loss of precipitation; u is underground runoff depth; and H is whole runoff depth, including surface water and underground water. The change curves of ( ) P t and 1 ( ) T t in the Taedong River Basin.
The Relationship between Average Annual Losses and Average Annual Air Temperature
The second factor can be computed indirectly using a water balance equation, considering annual loss as the effect of precipitation (the first factor) removed up to some level. Generally, most of the annual precipitation is lost by evaporation. Seepage losses are usually ignored while using the water balance relationship for the computation of average annual runoff.
As shown in Figure 8 , high correlation exists between average annual precipitation losses z and average annual temperature T in Taedong River. The high correlation coefficient of 0.64 between z and T also denotes that groundwater movement is relatively active in the Taedong River Basin. It is worth noting that there is no linear relationship between z and T, as shown by the lower bound line (dotted line) of distributed dots. The average annual temperature is the primary factor, while the air temperature is the secondary factor affecting evaporation losses. 
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The Relationship between Average Annual Losses and Average Annual Air Temperature
As shown in Figure 8 , high correlation exists between average annual precipitation losses z and average annual temperature T in Taedong River. The high correlation coefficient of 0.64 between z and T also denotes that groundwater movement is relatively active in the Taedong River Basin. It is worth noting that there is no linear relationship between z and T, as shown by the lower bound line (dotted line) of distributed dots. The average annual temperature is the primary factor, while the air temperature is the secondary factor affecting evaporation losses. The change curves of P(t) and T 1 (t) in the Taedong River Basin.
The relationship between average annual losses and average annual precipitation intensity
Compute evaporation losses by primary and secondary factors affecting evaporation losses and then find out the residue for average annual loss as shown below:
where ′ z is the calculated evaporation loss. The residue Δ z is high in some areas (northern inland and northern area of the east coast of Compute evaporation losses by primary and secondary factors affecting evaporation losses and then find out the residue for average annual loss as shown below:
where z is the calculated evaporation loss. The residue ∆z 1 is high in some areas (northern inland and northern area of the east coast of DPR Korea), as the remaining factors affecting evaporation losses were not considered.
Annual precipitation intensity is defined as:
The residual coefficient is defined as:
where N p is the number of annual precipitation days. The correlation coefficient between I and η ∆z 1 is −0.51, which denotes their inverse relationship ( Figure 9 ). It was stated earlier that evaporation loss has a nonlinear relationship with precipitation intensity, which shows that the number of annual precipitation days (annual precipitation intensity) is one of the major factors affecting the annual runoff formation. 
where ′ z is the calculated evaporation loss. The residue Δ 1 z is high in some areas (northern inland and northern area of the east coast of DPR Korea), as the remaining factors affecting evaporation losses were not considered. Annual precipitation intensity is defined as:
where Np is the number of annual precipitation days.
The correlation coefficient between I and η Δ 1 z is -0.51, which denotes their inverse relationship ( Figure 9 ). It was stated earlier that evaporation loss has a nonlinear relationship with precipitation intensity, which shows that the number of annual precipitation days (annual precipitation intensity) is one of the major factors affecting the annual runoff formation. 
The Relationship between Continuous Residue and Air Temperature Of The Hot Season
Continuous residue ( Δ 2 z ) and its coefficient for annual losses can be written as follows: Figure 9 . The relation between I and η ∆z 1 in DPR Korea.
The Relationship between Continuous Residue and Air Temperature of the Hot Season
Continuous residue (∆z 2 ) and its coefficient for annual losses can be written as follows:
It is obvious from the computation that the average range of variation in η ∆z 2 is less, compared to η ∆z 1 , but some new factors affecting η ∆z 2 have a large value which cannot be ignored. The evaporation rate is higher in summer compared to winter owing to air temperature. Therefore, the average annual and air temperature of the summer should be considered. The difference in air temperature is given as follows:
where T is average air temperature from May to October and T is the average annual air temperature. The relationship between the difference in air temperature (∆t) and the continuous residue coefficient (η ∆z 2 ) is shown in Figure 10 . The correlation coefficient between ∆t and η ∆z 2 is 0.74. 1 2 evaporation rate is higher in summer compared to winter owing to air temperature. Therefore, the average annual and air temperature of the summer should be considered. The difference in air temperature is given as follows:
where ′ T is average air temperature from May to October and T is the average annual air temperature.
The relationship between the difference in air temperature ( Δt ) and the continuous residue coefficient (η Δ 2 z ) is shown in Figure 10 . The correlation coefficient between Δt and η Δ 2 z is 0.74. 
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The functional relationship of ( )
t is illuminated, as it causes 30% and 20% of the annual precipitation, which leads to the error reduction in annual runoff and/or annual losses computation. It is worth noting that the number of annual precipitation days, the air temperature of the hot season, average annual air temperature, and annual precipitation are the main factors in runoff formation. This can be expressed by the general function, which is given below:
Development of an Empirical Average Annual Runoff Model

Model Development and Description
The general formula can be obtained from the water balance equation and runoff formation factors stated above: The air temperature of the hot season (or the difference of air temperature) is one of the main factors affecting annual runoff [4, 45] . The difference (or range of variation) between the upper boundary and the lower boundary indicated by a broken line in Figures 9 and 10 is as follows:
The functional relationship of η ∆z 1 (I) and η ∆z 2 (∆t) is illuminated, as it causes 30% and 20% of the annual precipitation, which leads to the error reduction in annual runoff and/or annual losses computation. It is worth noting that the number of annual precipitation days, the air temperature of the hot season, average annual air temperature, and annual precipitation are the main factors in runoff formation. This can be expressed by the general function, which is given below:
Development of an Empirical Average Annual Runoff Model
Model Development and Description
The general formula can be obtained from the water balance equation and runoff formation factors stated above:
Therefore:
where α is a set of variables affecting the underground runoff. Whole runoff coefficient ϕ H and surface runoff coefficient ϕ h can be written as follows:
E ≤ z and η E ≤ η z because most of the losses (z) are caused by evaporation (E). Only E or η E can be computed by the mathematical method using the observational data and the factors (P, T, and ∆t) studied above.
Let us consider the relationship between the loss coefficient η z , precipitation p, and air temperature t. Draw a curve for the west area of the river basin. The relationship is given as follows:
where:
where η Etp is the evaporation loss coefficient defined by the precipitation and air temperature, and k P is the influence coefficient of annual precipitation. As shown in Figure 11 , some dots are remarkably deflected from the curve drawn by Equation (22) . Quantities are computed to characterize the deflected degree for each region, which is given below:
where η ∆z 1 is the first residual coefficient of losses, and k I is the proportionality coefficient which characterizes the deflected degree between η z and η Etp . 
where I k is the influence coefficient of annual precipitation intensity.
The deflection degree of dots from the curve can be computed as follows: The factor defining the first residue ∆z 1 and the coefficient η ∆z 1 of annual precipitation intensity I have already been investigated. The relationship between k I and I is shown in Figure 11 , where the k I = f (I) curve is drawn for the lower boundary condition, which estimates the underground runoff component in the future. Then, the equation of the relationship curve is given below:
−0.39 (27) where k I is the influence coefficient of annual precipitation intensity. The deflection degree of dots from the curve can be computed as follows:
where η EtpI is the evaporation coefficient calculated by the air temperature, precipitation, and number of annual precipitation days. Continuous residue ∆z 2 or coefficient η ∆z 2 is related to the difference between the average temperature T of the hot season (May to October) and the average annual temperature T. Therefore, the relationship between coefficient k ∆t and ∆t is analyzed as shown in Figure 12. 11, where the ( )
f I curve is drawn for the lower boundary condition, which estimates the underground runoff component in the future. Then, the equation of the relationship curve is given below:
The deflection degree of dots from the curve can be computed as follows:
where η EtpI is the evaporation coefficient calculated by the air temperature, precipitation, and number of annual precipitation days.
is related to the difference between the average temperature ′ T of the hot season (May to October) and the average annual temperature T. Therefore, the relationship between coefficient Δ ′ t k and Δt is analyzed as shown in Figure 12 . The lower bound line of the relationship defines the lost quantity due to the influence of factors (P, T, I, ∆t), as mentioned earlier.
The equation of the relationship curve can be written as follows:
The evaporation loss coefficient defined by P, T, I, and ∆t can be represented as follows:
The third residue ∆z 3 and coefficient η ∆z 3 can be calculated as follows:
It is worth noting that the values of ∆z 3 and η ∆z 3 were found to be very small or close to zero except for some special regions. There was a small difference in the computed values for some regions (west coast zone, northern inland, and east coast zone), while a big difference for other regions (Taedong River Basin). It is reasonable to consider ∆z 3 as the loss constituent by the underground runoff rather than evaporation loss by the climate factors. If ∆z 3 is the loss component of the underground runoff, then the evaporation coefficient η E and the evaporation can be represented as follows:
Whole runoff coefficient ϕ H and whole runoff depth can be represented as follows:
Equations (37) and (38) are just the average annual runoff models. This model has high accuracy as well as logical validity, universality, and objectivity that can be applied to all river basins in DPR Korea. Underground runoff can be computed from surface runoff using this model.
The average annual runoff model has some characteristics as follows. The first model considers all the influencing factors of average annual runoff formation and computes them. This model is based on factor analysis, which takes into account annual average precipitation P, air temperature t, annual precipitation intensity I, and hot season temperature t 0 . This model is consistent and has logical validity.
This model is consistent with the physical nature of the natural phenomenon. If P → ∞ , then k p → 0 , and finally η E → 0 and ϕ → 1 . Moreover, when precipitation is reduced to zero, i.e., P → 0 , precipitation P a , called a lower limit precipitation as greater than zero at the moment that runoff reaches to zero, i.e., Y = 0 and/or φ = 0, is present, i.e., P a > 0, and P a is determined by temperature T, precipitation intensity I, and temperature difference ∆t.
This model demonstrates that when P = 0, not only η E = 1 or ϕ = 0, but also η E = 1 or ϕ = 0 subjected to P = P a > 0 according to the values of T, I, and ∆t. This model also considers the regional distribution characteristics of influencing factors. The annual runoff map of each factor influencing the annual runoff formation should be developed by a spatial interpolation tool before developing the annual runoff map. All those factors influencing the average annual runoff formation are computed through the Kriging interpolation method [46] (see Figures 4 and 5) .
The interpolation accuracy of factor fields was high at a grid cell size 10 × 10 km, keeping in mind the density of the meteorological observation network in DPR Korea. The model using values of grid cell type is treated linearly values on the same grid cell. Therefore, grid cell size greatly affects the calculation accuracy of models.
This study, to correctly determine grid cell size, analyzed the spatial change of climatic factors according to the distance between observation stations for 200 stations, and the analysis results showed that values of all climatic factors linearly changed within 10~20 km. Additionally, we estimated the interpolation error by calculating values and observed values for grid cell sizes of 10 km, 15 km, and 20 km, respectively. The results as an example of average annual precipitation and average annual air temperature show that their relative errors are within 7~18% in a flat area and mountains for the case of more than 10 km, and within 0.2% for the case of 10 km. The study used a grid cell size of 10 km based on the above research.
Water resources can be exactly evaluated using the average annual runoff model based on the regional distribution of factors affecting the annual runoff formation. Therefore, an annual runoff map of grid cell type can be developed using this model.
Model Verification on Guauged Area
The proposed average annual runoff model was verified by relative errors between computed values and observed values of runoff depth in 93 gauged sites in DPR Korea. Table 3 shows the number of sites where the relative error is less than 5%; among the 93 sites, this applies to 83, meaning 89.25% of all sites, and all sites have a relative error of less than 10%. This denotes the usability of the empirical model in the whole area of DPR Korea. 
Cartography of Average Annual Runoff Map
Initially, 200 observation station data were interpolated from 1961 to 2010 using the Kriging interpolation technique for the factors (precipitation P, temperature, T, precipitation intensity I, and temperature difference ∆t) affecting annual runoff formation using ArcGIS 9.2 (see Figures 4 and 5) . Average annual runoff depth and average annual runoff modulus for the node points of the grid cells was computed using the average annual runoff model. Then, the values of the grid cell center were computed. Using Equation (38) , the value of average annual runoff depth in each node points is computed as follows:
η Et(i,j) is the influence coefficients of average annual temperature in grid cell i, j; k p(i,j) is average annual precipitation in grid cell i, j; k I(i,j) is average annual precipitation intensity in grid cell i, j; k ∆t(i,j) is the temperature of hot season affecting the annual evaporation in grid cell i, j.
A value of any grid cell center point is computed as the mean value of its four nodal points (Equation (40)).
The central values were updated, which leads to the completion of the average annual runoff map. Water resources information can be easily obtained from the ungauged region using the runoff map developed by GIS spatial analysis tools. Average annual runoff depth can be computed in the upper basin of any river cross section using ArcGIS 9.2 and the runoff map of grid cell type using the weighted average method as follows:
where Y ij is average annual runoff depth in a grid cell i, j; n is the number of grid cells included in the selected area; and k i,j is the area weight in grid cell i, j, namely:
where ∆F is the area of a grid cell having the size of 10 km × 10 km, i.e., ∆F = 100 km 2 ; and ∆ f ij (km 2 )
is the component area occupied on the grid cell. k ij = 1.0 and k ij ≤ 1.0 for completely and partially contained grid cells within the watershed boundary, respectively. Average annual runoff depth can be obtained directly from the average annual runoff map on the river basin, where the basin area is smaller than 100~200 km 2 , i.e., F ≤ 100 ∼ 200 km 2 . The abovementioned procedure is automatically executed by a spatial analysis tool in GIS.
Application on Tumen River Basin
The Natural Geographic Characteristics of Tumen River Basin
Tumen River is a boundary river passing through the border of DPR Korea, China, and Russia (see Figure 13 ). The area and length of the Tumen River Basin is 32,920.0 km 2 and 547.8 km, respectively. Tumen River is the second longest, and the basin area is the third largest in DPR Korea. The average annual precipitation of the river basin is below 600 mm. It is smaller than other basins because of the influence of the Hamgyong Mountain Range. Figures 14 and 15 show the map of average annual precipitation and the map of average annual temperature evaluated for 50 years in the Tumen River Basin.
where ΔF is the area of a grid cell having the size of × 10km 10km , i.e., Δ = boundary, respectively. Average annual runoff depth can be obtained directly from the average annual runoff map on the river basin, where the basin area is smaller than 100~200 km 2 , i.e., ≤ 100~200 F km 2 . The abovementioned procedure is automatically executed by a spatial analysis tool in GIS.
Application on Tumen River Basin
The Natural Geographic Characteristics of Tumen River Basin
Tumen River is a boundary river passing through the border of DPR Korea, China, and Russia (see Figure 13) . The area and length of the Tumen River Basin is 32,920.0 km 2 and 547.8 km, respectively. Tumen River is the second longest, and the basin area is the third largest in DPR Korea. The average annual precipitation of the river basin is below 600 mm. It is smaller than other basins because of the influence of the Hamgyong Mountain Range. Figures 14 and 15 show the map of average annual precipitation and the map of average annual temperature evaluated for 50 years in the Tumen River Basin. 
Water Resources of Tumen River Basin (DPR Korea Side)
The proposed average annual runoff model was applied to the Tumen River Basin (DPR Korea side) for water resources computation. 10 m , respectively. It is evident from the results that great care is needed to protect water resources for ecological environment protection, establishment and implementation of the strategy for supports development because the water resources of the Tumen River Basin are running short due to exceeding evaporation, which is comparatively greater than in other river basins. 
The proposed average annual runoff model was applied to the Tumen River Basin (DPR Korea side) for water resources computation. Figures 16 and 17 show the map of average annual evaporation and average annual runoff depth of the Tumen River Basin (DPR Korea side), respectively. The mean value of average annual precipitation, average annual evaporation, average annual runoff depth, average annual runoff, and total water resources of the Tumen River Basin are approximately 604 mm, 254 mm, 350 mm, 11 /s · km 2 , and 3,707,829 ×10 3 m 3 , respectively. It is evident from the results that great care is needed to protect water resources for ecological environment protection, establishment and implementation of the strategy for supports development because the water resources of the Tumen River Basin are running short due to exceeding evaporation, which is comparatively greater than in other river basins. 
Discussion
At present, it seems we are more interested in modeling runoff at finer resolutions, i.e., daily and subdaily scales, rather than an annual scale. However, such a straightforward empirical model is also a useful management tool. An average annual runoff model was applied to assess the water resources of the river basin and can be used to determine average annual runoff in ungauged basins. This method is widely used for the development and management of water resources by the water-related institutes and the design agencies in DPR Korea.
Water resources can be easily computed in any region by a spatial analysis tool of GIS. The study of the distributed hydrologic model considering the physical, geographical, and meteorological factors influencing the runoff formation is one of the current trends in hydrological studies. Spatial variation in all those factors affecting runoff formation can be easily obtained by emerging technology such as 3S (GIS, RS, GPS). The distributed parameter model is more efficient than the lumped parameter model. This model develops a water resources map for the whole country in a very short time compared to the traditional models. The accuracy of the distributed model partly depends on the interpolation accuracy of the influencing factors in the model. In this study, variation in meteorological factors by topography was not considered. Due to a long length of 50 years of records in the case study of the Tumen River Basin, climate change may be taken into consideration in future work, and this is an important topic on recent water resource management studies [15, 18, [47] [48] [49] . The proposed statistical model can also be used for evaluation of climate change and human activity influence on the water resources of DPR Korea.
The formation of surface runoff-infiltration and Hortonian overland flow [36, 50] is disregarded in the modeling process since the spatial-temporal scale in this study is much larger. The in situ 
The formation of surface runoff-infiltration and Hortonian overland flow [36, 50] is disregarded in the modeling process since the spatial-temporal scale in this study is much larger. The in situ process of runoff formation was not described in the model. It may be an interesting topic to be considered in future studies that focus on how to combine the infiltration and Hortonian flow process in our empirical model to improve the model accuracy.
DPR Korea is characterized by a combination of a continental climate and an oceanic climate. The calibrated model in the work can rationally be used on other countries or regions where runoff formation condition is the same as DPR Korea, and the proposed approach has universal applicability, since it is deduced from the basic water balance model. To apply to other countries or regions, it needs to consider different climate, runoff formation condition, and data availability in the local area, and the empirical relationship may differ. Hydrological models should be derived considering the meteorological, natural geographical conditions, and hydrological characteristics of the study area.
Comparison with more complex distributed hydrological models [51] like SWAT is able to support the verification of this new statistical model. However, due to data limitation, this is an issue at this stage.
Conclusions
This work developed an empirical hydrological model to provide fundamental information on the principal components of the water balance period in a predefined area over a selected time. It can also be used for future projections to some extent. PCA identified the four major factors contributing to the variation of average annual runoff in DPR Korea. The proposed average annual runoff model was composed of average annual precipitation, average precipitation intensity, average annual air temperature, and hot seasonal air temperature. It was proven through hydrologic data for 93 river basins of DPR Korea that the proposed statistical model can sufficiently reflect the physical nature of runoff formation in DPR Korea. Kriging interpolation tools of Arc GIS 9.2 were used to estimate the spatial distribution of factors affecting average annual runoff formation. A 10 km × 10 km grid cell size was used to interpolate factor fields, which was determined through analysis for spatial change of climate elements in 200 weather stations of DPR Korea. Average annual runoff depth for each grid cell can be easily computed through Equation (39) using the spatially distributed fields of factors affecting annual runoff formation. Further, in this study, a grid cell type runoff map was developed by the average annual runoff data of each grid cell and the proposed cartography of the average annual runoff map and use method. The case study on the Tumen River Basin demonstrates that this research work is highly significant for decision makers as it highlights variations in water resources, which are important for water resources development and management. The statistical-distributed hydrological model facilitates hydrologists in water resources assessment and information sharing in an ungauged area.
